Recently, rutile nanotwins were synthesized using high temperature organic solvent methods, yielding two kinds of common high-quality rutile twinned nanocrystals, (101) and (301) twins, accompanied by minor rutile nanorods (Lu et al 2012 CrystEngComm 14 3120-4). In this report, the atomic structures of the rutile and anatase nanocrystals are directly resolved with no need for calculation or image simulation using atomic resolution STEM techniques. The locations of the oxygen rows in the rutile twins' boundaries are directly determined from both HAADF images and ABF images. To the best of our knowledge, this is the first time oxygen columns have been distinguished in rutile twin boundaries using HAADF and BF imaging.
Introduction
Titania is an important material with numerous applications in the fields of catalysis, photocatalysis, new energy sources and environmental protection [2] [3] [4] . The catalytic activity of TiO 2 depends on its crystal structure, morphology, surface facets, particle size and surface chemistry. Among the three titania polymorphs (rutile, anatase, and brookite), anatase has the highest catalytic activity, and hence most catalytic applications such as dye-sensitized solar cells [2] , and water splitting [3] are based on anatase nanostructures. As a model system of transitional metal oxides, atomic level catalysis studies are typically conducted on the rutile TiO 2 (110) surface due to its excellent electronic properties and well understood surface chemistry. Defects such as oxygen vacancies (OVs) in titania may dominate its electronic and chemical properties since OVs may act as the primary absorption sites for catalytic reactions [5, 6] . Rutile is the preferred polymorph among the three common titania polymorphs because it has the lowest 4 Authors to whom any correspondence should be addressed.
bulk Gibbs free energy [7] . The anatase and brookite phases convert to rutile at elevated temperature [8] [9] [10] .
Progress in electron microscopy has allowed material characterization down to atomic level during the past two decades [11] [12] [13] [14] [15] [16] [17] . Innovations in aberration-corrected (Cs) transmission electron microscope (TEM) and scanning transmission electron microscope (STEM) sub-ångström resolution imaging have been achieved. Using a Cs-corrected HRTEM, Yoshida et al [18] reported direct observation of oxygen atoms and magnetic structure caused by oxygen vacancies in rutile. In their observation, two oxygen columns and one titanium row formed atomic triplets, and the improvement in spatial resolution after the Cs correction enabled the distinction of the oxygen columns from the titanium rows. Shibata et al [19] used a high voltage electron microscope which operated at 1250 kV combined with a high-angle annular dark field scanning transmission electron microscope (HAADF-STEM) to study the reconstruction onthe TiO 2 (110) surface. Their observations showed that the interstitial Ti atoms are involved in the TiO 2 (110) surface reconstruction, which is consistent with the model proposed by Park et al [20] based on scanning tunneling microscopy observations and DFT calculations. In a comparison study using high-angle annular dark field (HAADF) and annular bright field (ABF) images recorded simultaneously, the oxygen rows in titania can be resolved from the bow-tie patterns in the ABF image; the vague strips between titanium rows suggest the approximate positions of the oxygen columns in the HAADF image [21] . Also, De Caro et al [22] developed a new phase-retrieval algorithm that allows the crystal structure of titania nanocrystals to be determined at the sub-ångström level in HRTEM experiments without the need for aberration correction. For example, the oxygen positions in anatase nanocrystals were revealed by 'extracting' useful information from diffractive images and conventional high resolution TEM images.
We have previously developed an approach to produce rutile nanotwins using high temperature organic solvent methods: two kinds of common high-quality rutile twinned nanocrystals, (101) and (301) twins, accompanied by minor rutile nanorods [1] . In this paper, the atomic structures of the rutile and anatase nanocrystals are directly resolved with no need for calculation or image simulation using atomic resolution STEM techniques. The locations of the oxygen rows in the rutile twins' boundaries are directly determined from both HAADF images and ABF images. To the best of our knowledge, this is the first time that oxygen columns have been distinguished in rutile twin boundaries using HAADF and BF imaging.
Experimental chemicals
Oleylamine (90%), oleic acid (90%), hexane and anhydrous ethanol were bought from Aldrich or Acros, and used as received, without purification.
Synthesis of rutile nanocrystals
In a typical synthesis of rutile nanocrystals, 5 ml of oleylamine was mixed with 1 ml of oleic acid in a three necked flask. A 0.25 ml portion of 1 M TiCl 4 in toluene was injected into the mixture. The mixture was heated for 30 min to remove low boiling point substances at 180 • C, then the temperature was increased to 350 • C under vigorous stirring. The color of the mixture changed from reddish to gray as the reaction took place; the reaction was quenched by adding hexane into the flask. The product was isolated by adding a sufficient amount of ethanol, separated with centrifugation and washed several times with a hexane-alcohol solvent to get TiO 2 nanorods.
STEM characterizations
The atomic structures of the titania nanocrystals were characterized with a JEOL JEM-ARM200F electron microscope. The TiO 2 nanocrystals made from organic solvents were usually covered with a layer of capping ligands, but the removal of this organic layer by placing the samples under a 10 min beam shower is straightforward. STEM images were simultaneously recorded in both HAADF and BF modes with the microscope operating at 200 kV. The probe correction was performed through a dodecapole corrector (CEOS GmbH) aligned with CESCOR software, to finally obtain a twelve-fold ronchigram with a flat area of 50 mrad. The HAADF images were obtained by setting the annular detector lower and higher scattering semi-angles to 68 and 280 mrad respectively, easily satisfying the requirement for the detector to eliminate contributions from unscattered or low-angle scattered electrons. Images were commonly recorded for 10-16 s. The data were collected and processed using Gatan Digital Micrograph software.
Simulations
Atomistic models of the samples were prepared based on the known rutile structure and emulating the features of the structures imaged in the STEM micrograph, in particular reproducing the 101 and 301 twins likely to be present in the real structures. These models were first used to generate images where the intensity in each pixel was calculated considering a contribution of Z 1.7 , with the purpose of estimating the intensity profile expected in an STEM micrograph of a sample with the same structure and orientation as that of the model. Both the ball and stick models and the images produced in this way are included in the supplementary information (available at stacks.iop.org/Nano/ 23/335706/mmedia), where it can be verified that the real and simulated intensity profiles are quite similar, which we consider as evidence of the similarity between the models and the real structures. After this test, STEM simulations based on the more precise multislice method were performed using the xHREM suite, which is based on the version of the FFT multislice method by Ishizuka [23] . The settings used in the simulation were kept as close as possible to those used in the generation of the real micrographs: the simulated electron beam was 200 kV, with a resolution close to 0.1 nm and a defocus of 10 nm. Since the FFT multislice method is computationally expensive, the generation of a simulated STEM image of the whole structure was an impractical task, and thus the images obtained by this method were restricted to small regions.
Results and discussion
Scanning transmission electron microscopes (STEMs) use a very small diameter electron beam to scan samples. STEM images of different modes are formed by collecting electrons with detectors at different positions. In contrast, HAADF images are formed by collecting electrons using a detector with a large inner radius, and these HAADF images show little or no diffraction effects, with the peak intensity approximately proportional to the atomic number [24] . These properties make it a robust imaging mode for the identification of heavy elements, but light elements are usually uncharacterized due to their relatively weak signals [25] . In the imaging of oxygen atoms, the negative spherical aberration technique, developed by Urban et al, not only allows atomic resolution imaging of oxygen, but also gives the oxygen vacancy concentration in the oxide twin boundaries [26, 27] . In recent years, the annular bright field (ABF) imaging technique has been successfully used to image light atoms such as nitrogen, boron [28] , and lithium [29] [30] [31] ; even the imaging of the lightest element, hydrogen, has been achieved recently [32, 33] . figure 1(A) ), the positions of the oxygen rows between Ti only rows are not resolved; two kinds of Ti-containing atomic columns can clearly be discriminated. The brighter contrast corresponds to Ti-O rows, the weaker contrast corresponds to Ti rows. The larger peaks in the intensity line profile are from Ti-O rows (indicated with red arrows), the smaller peaks (labeled with blue arrows) are from Ti only rows. In the bright field image of rutile 110 ( figure 1(B) ), the larger dark contrast corresponds to Ti-O rows and the smaller dark contrast corresponds to Ti rows. The gray strips between Ti rows reveal the positions of oxygen rows, but the two oxygen rows cannot be distinguished. In the intensity line profile of the bright field image, the larger troughs are from Ti-O columns and the smaller ones are from Ti rows. In the HAADF image of anatase (100), the titanium rows are revealed as bright pairs of spots, the oxygen columns between the titanium pairs not being visible; in the simultaneously recorded bright field, the larger dark contrast corresponds to Ti rows and the smaller dark contrast corresponds to oxygen rows which are clearly visible [19] . Noise reduction is crucial for improving the resolution of the STEM images. There is noise from the counting statics and read out noise from the imaging although many improvements in STEM hardware have been made. The coated amorphous carbon film on the TEM grids may increase the noise level as well. Removal of such noise sources in STEM-HAADF images can improve their contrast and resolution. The processed STEM images of rutile (110), anatase (001) and their ball models are presented in figure 2 . Figures 2(B) , (C), (E), and (F) present processed HAADF and BF images of the rutile and anatase nanocrystals in figure 1 . The signal to noise ratio in all the images was improved by using an average filter. The contrast of the oxygen only columns in the rutile BF image gives a much clearer possible position of the oxygen columns. Comparing the HAADF and BF imaging of rutile and anatase nanocrystals, atomic resolution images of titanium-containing columns can readily be achieved in both imaging modes, while BF imaging provides a better resolution in the identification of oxygen rows for both rutile and anatase nanocrystals.
Twinning is a common phenomenon in crystal and thin film growth, and the peculiarities of the atomic structure of twinned materials may impact the optical, electronic and mechanical properties of the crystal. Rutile sometimes displays well defined elongated prismatic shapes with twinning in the form of elbows and hearts, as well as reticulated twins [34] . The atomic structures of (101) twins and (301) twins have been proposed from theoretical calculations and conventional HRTEM [35] [36] [37] , but the positions of the oxygen rows were not determined because the lattices obtained in the images were mainly produced by the metal columns. In (101) twins, the twin plane consists of Ti atoms shared by two twin domains, and the sublattices of Ti atoms are mirror symmetric. The oxygen atoms around the Ti atoms are not mirror symmetric, but have 1/2 111 displacement from mirror symmetric positions ( figure 3(A) ). For (301) twins, both the Ti and O atoms in the twin plane are mirror symmetric ( figure 3(B) ). The calculations conducted by Lee et al using an ionic shell model confirmed that the proposed atomic models are energetically favorable.
From the Wulff construction (figure S1(A) available at stacks.iop.org/Nano/23/335706/mmedia) plotted from calculated surface energies of different surfaces, {110} is the predominate facet in equilibrium rutile crystal [38] . For rutile nanotwins, the corners of {110} facets are truncated by {010} facets, and the TEM image is the projection of the nanotwins along the 010 direction (see figures S1(B) and (C) available at stacks.iop.org/Nano/23/335706/mmedia) as the nanorods rest on the TEM grids due to their unique V-shaped geometry. In the rutile unit cell, each titanium atom is coordinated with six oxygen atoms ( figure 3(C) ). There is a distortion in the TiO 6 octahedron: the axial bond lengths (1.98Å) are slightly longer than that along the equatorial (1.95Å). In the projection along the [010] zone axis, each titanium row is surrounded by six oxygen columns ( figure 3(D) ). The distance between the two closest oxygen columns is 1.79Å and the closest distance between titanium rows and oxygen columns is 1.4Å.
In the HAADF image of (101) twins, the main features are the bright dots contributed by Ti rows. The position of the twin boundary is clearly identified (indicated with a white arrow in figure 4(A) ). The FFT pattern confirms the perfect symmetry at atomic level of the twin boundary. In the bright field image (figures 4(B) and (D)), the titanium rows are revealed as larger dark spots and the oxygen rows as small gray spots. At a higher resolution in the HAADF image, the oxygen columns can be practically resolved in the positions between titanium rows although their contrasts are much weaker than those of the titanium rows (indicated with arrows in figure 4(C) ). In the enlarged bright field image, both titanium rows and oxygen columns can be clearly resolved ( figure 4(C) ).
Similarly, both titanium rows and oxygen columns can be resolved in an HAADF image of (301) The positions of titanium rows and oxygen columns of (101) and (301) twins can be resolved using the bright field images. In the corresponding HAADF images, the positions of oxygen columns can be practically resolved in some areas. Figure 6 (A) shows an HAADF-STEM raw image of a (101) twin joint; the intensity variation is mainly due to the variation in sample thickness caused by faceting in rutile nanotwins. A radial difference filter was applied to remove the background noise from the original HAADF images of the (101) twin boundary (figure 6) [39, 40] . Since the closest distance between titanium rows and oxygen columns is 1.4Å, in the FFT image, information below (1.4Å) −1 remained (figures 6(B) and (C)). The contrast of oxygen columns was significantly enhanced by lowering the noise level ( figure 6(E) ). The simulated image ( figure 6(H) ) reproduced the experimental image (figure 6(G)) well; the large peaks are from titanium rows, with shoulders on the curve from oxygen columns. The signal to noise ratio of the oxygen columns has a significant enhancement with the same background removal process (figure S2 available at stacks.iop. org/Nano/23/335706/mmedia). Figure 7 presents the processed HAADF images of the (101) and (301) twins. For the (101) twins (figures 7(A) and (B)), the average distance between Ti rows is 4.43Å; the shoulders on the curve are from oxygen columns and their average distance is 1.73Å. They are smaller than both the distance between Ti rows (4.59Å) and that between O rows (1.79Å) in bulk rutile crystals ( figure 3(D) ). The unit cell in the twin boundary vicinity measured from the images is 2.87Å × 4.43Å. In the (301) twins, the distance between titanium rows is 4.56Å; the distance between oxygen columns is 1.77Å (figures 7(C) and (D)). The unit cell in the vicinity of the (301) twin boundary measured from the image is 2.88Å×4.56Å. Both unit cell values are consistent within the error with the bulk lattice parameters. The data measured from the corresponding bright field images for the (101) and (310) twins (figure S3 available at stacks.iop.org/Nano/23/335706/ mmedia) have the same values as the data measured from HAADF images.
The HAADF image contrast is also affected by the sample's thickness due to the longitudinal coherence difference along the atomic columns, the probe channeling effect and probe intensity transfer between atomic columns [41] [42] [43] [44] [45] [46] . As shown in figure S1 (available at stacks.iop.org/Nano/23/ 335706/mmedia), the surfaces of rutile twins are faceted, the thickness along the twin boundary equals the projection of the diamond shape of (011) facets, the thickness along the twin boundary first increases and then decreases. According to figure S4 (available at stacks.iop.org/Nano/23/335706/ mmedia), the thickness across the twin boundaries first decreases, then increases, because the thickness across the twin boundary first equals the distance between (110) and (110) facets, then the distance equals the distance between (101) and (101) facets. The unique continuous variation in thickness structure provides an ideal example to study the relationship between HAADF images and sample thickness changes. In the processed HAADF images of the (101) and (301) twin boundaries (figure 8 and figure S5 available at stacks.iop.org/Nano/23/335706/mmedia), it is clear that oxygen rows can only be distinguished within a certain area in the vicinity of the twin boundary. According to the line profile across the twin boundary (in figure S4(B) available at stacks.iop.org/Nano/23/335706/mmedia), the twin plane is the thinnest place across the vicinity of the twin boundary. The appropriate thickness to visualize oxygen in the rutile twin boundary is less than 8 nm. As the thickness increases across or along the twin boundary, the increased background noise totally conceals the relatively weak signals of oxygen columns.
These observations prove that the oxygen atoms in rutile twin boundaries can be directly resolved by using HAADF as well as bright field imaging. With the known oxygen and titanium column locations from both HAADF and BF images, the atomic structures of the rutile (101) and (301) twin boundaries were resolved directly from both HAADF and BF images (figures 5 and 6). In (101) twins, the twin plane consists of Ti atoms shared by two twin domains, and the sublattices of Ti atoms are mirror symmetric. The oxygen atoms around the Ti atoms are not mirror symmetric, but have 1/2 111 displacement from the mirror symmetric position. For (301) twins, both the Ti and the O atoms in the twin plane are mirror symmetric. Our observations are consistent with the atomic structures of (101) twins and (301) twins proposed from theoretical calculation and conventional HRTEM [35] [36] [37] , in which the positions of oxygen rows could not be determined because the lattice images are dominated by metal columns.
In conclusion, the atomic structures of rutile and anatase nanocrystals were studied using HAADF and BF imaging modes; BF imaging is more powerful in imaging oxygen atomic columns than the HAADF mode. The positions of the oxygen columns in two kinds of rutile twin boundary were directly resolved using HAADF as well as bright field images. The ability to locate the positions of atomic oxygen columns in the twin boundaries allows for a direct determination of their atomic structures. The observed structures are consistent with previously proposed models in which the positions of the oxygen lattices were unknown.
